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Abstract

W~ater-soluble organic compounds are selectivelv oxidized by aqlueous,. soiu -.;ons of

chloroplatinum(ll) and chloroplatinurn(I) salts. p-Toluenes-,lAonic acid undergooes

stepwise iv-droxvl1ation to the corresponiding- alcolhol and,ý aldehvde, with no f-urIther

oxidation to Ohe carb~oxylic acid; P-0 th ylben Zen eS ,IfonI C acid is functionalized at

both benzvlic and m--ethyl positions. E`-nol iscrnverted to a spectrum of C2

(chlo-,o)oxy gcenat'es, including ethl-ylene glycol and 2-chioroetranol, pr-oducts

resulting, from- methyl functionalization. n?-Propanol is also significantly attacked at

the methyl position. I'C labelling, and kinetic-s stdis ere used to elucidate

mechanistic pathwvays. The reactivity of a mnethyl group C-H bond is at least as

high as that ofl a C-H b:cnd a to oxygn icotatomst alkane conversion

sy~stemns.



I n trod uct ion

The selective functionalization of saturated hydrocarbons is among the most

attractive and elusive challenges facing chernists today. Transformations such as

the hydroxylation of methane to methanol, or of linear alkanes to terminal alcohols,

would be of immense potential importance for production of chemicals and fuels;

vet to date no very efficient example has been reported. The primary hurdle to be

overcome is that of selectivity: with most methods for hydrocarbon oxidation,

whether by hormogeneous or heterogeneous catalysts, the products formed are

considerably more reactive than the starting alkane, so that high conversion and

selectivity cannot be simultaneously achieved. Furthermore, in most

hydroxylations the terminal position is generally the least reactive. Both of these

trends are consequences of the reaction mechanism, which generally involves

homolytic C-H bond cleavage as the initial step.

An approach that has received a great deal of attention over the past ten
years is activation of alkanes by organometallic species.1 C-H bond activation by

such species can be remarkably facile, and selectivity patterns, while not

definitively established, tend to run opposite to those described above:

less-substituted positions are often the most reactive. 2 Unfortunately, the vast

majority of examples do not appear to lead to viable catalysts for alkane

functionalization. Most fall into one of two categories: low-valent, electron rich,

coordinatively unsaturated complexes of late transition metals, that react by

oxidative addition of a C-H bond (eq 1); and early' transition metal (including

lanthanides and actinides) complexes with dO configurations, that undergo

sigma-bond metathesis (eq 2). In either case, the soecies involved are highly



sensitive to oxidizing agents and/or the desired oxygena tion produ.cts and hence

would not survive catalytic conditions.

LnM + R-H -LnM(R)(H) (1)

LnM-X + R-H LnM-R + H-X (2)

A third category, one thnat is not nearly so well characterized, is the reaction

of alkarnes with simple Pt'I and Pd"I complexes. In contrast to the previous

examples, stable organometallic complexes are not obtained; instead, C-H

activation is manifested by observation of catalytic H-D exchange or of (generally

stoichiometric, not catalytic) alkane functionalization. 3 ,4 These reactions are

thought to proceed yia a step such as eq 3, and have been termed electrophilic

substitution.

LnM 2 + + R-H ,"LnM-R+ + H+ (3)

Of particular interest is the report of alkane hydroxylation by a combination

of PtCl4
2 - and PtCl6

2- salts in aqueous solution.3 This system seem~s applicable to

catalytic functionalization -the mtlcomplexes involved recertainly capbef

tolerating 02 or other oxidants - and yet catalytic hydroxylatieon has not been

achieved. The homogeneous catalytic chlorination of methane to methyl chloride,

by chlorine in the presence of aqueous platinum chloride salts, was recently

reported.5 Furthermore, little detailed information is available about mechanism

and consequent selectivity trends. Most of the earlier "work em~ioved

hydrocarbons of low solubilitv in the aqueous medium, precluding the use of NMR

to monitor reaction products, intermediates and kinetics. We hnave examined, and

here report upon, the hvdroxylation of water-soluble organic substrates, wh'ich h~as



enabled us to further delineate the mechanism of this system, as well as to discover

novel and potentially valuable selectivity patterns. A preliminary communication

of parts of this work has appeared previously. 6

Experimental Section

General. 1H NMR spectra were recorded on Varian EM390, GE300, Jeol

FX90Q, Jeol FNM400, and Bruker AM500 spectrometers. Ali other nuclei (2 H, 13C,

195 pt) were observed on Jeol FX90Q, GE300 and Bruker AM500 spectrometers.

Infrared spectra were recorded on a Perkin-Elmer 1600 series FTIR spectrometer.

Gas chromatograms were recorded on a Perkin-Elmer 8410 gas chromatograph

(Carbowax 20m). Platinum salts were obtained from Aldrich (with the exception of

Na 2PtCl4 , which was obtained from Aesar). These commercial samples are always

somewhat impure: 19 5 Pt NMR spectroscopy reveals that the Pt(II) salts are

contaminated with small concentrations of Pt(IV) and vice-versa. Furthermore, the

aqueous solutions usually exhibited small amounts of platinum metal and/or other

insoluble species; these were filtered prior to use. p-HO3SC 6 H 4COOH (5) was

prepared according to ref 7. All other reagents were obtained commercially and

used without further purification.

Oxidation of p-toluenesulfonic acid (1). Reactions were typically carried

out on solutions of 0.2-0.4 M 1, 0.2-0.4 M Na2PtC16 and 0.02-0.05 M Na2PtC14 in 0.5

cm 3 D2 0. Samples were loaded (in air) into 5 mm NMR tubes, frozen with liquid

nitrogen, and sealed in vacuo. The tubes were fully immersed in a stirred,

thermostatted silicon oil bath (120 °C) in an inverted position (to avoid interference

with NMR by platinum mirrors); after heating, they were centrifuged to concentrate

any platinum particles at the base of the tube. Stepvise formation of alcohol

p-HO 3SC 6H 4CH 2OH (2) and aldehyde p-HO3 SC6 H4CHO (3) were monitored by



following growth of the corresponding 1 H NMR signals. ]-1/D exchange co-uld be

detected in both unreacted I and product 2 by the appearance of mnultiplets slightly

upfield from the main signal; however, these never amounted to more than a few

percent of the total intensity. Under some conditions significant amounts of

chloride p--IJO 3SC 6 H-4CHl2 C] (4) were a'so detected; but diacid p-HO 3 SC6H 4 COOH

(5) was never observed. Con.- ounds 2-5 are all known,7 For determination o'

absolute yields reactions were run in ordiparv H20 (to elinminate H/D exchange,

vide infra) in a small bomb reactor; after reaction, solvent w,,as removed in vacuo and

the residue redissolved in D 2 0 containing a weighed amount of glycine as NMR

reference standard.

Oxidation of p-ethvylbenzenesulfonic acid (6) and its salt. Reaction of 6

under the above conditions resulted in NMR signals assigned to one major product

(7) and a number of minor products. By NMR, 7 is also the sole product formed

from the reaction of sodium p-styrenesulfonate and Na2PtC14 ; from this fact and

comparison of NMR parametersS to known Pt(II)-styrene complexes, 7 was

assigned as [(rp2-,-HO3SC6H 4CH=CH2)PtCi 3]-. 1 -H NMR• 8 4.42 d (3JHH = 8 Hz),

4.95 d (3JHH = 12 Hz), 6.28 dd (3JHH = S Hz, 12 Hz); broad 19 5Pt satellites (J1 c5t:

60-70 Hz) were also observed. When the sodium salt of 6 was treated similarly,

no 7 was obtained. Products w.,ere identified from the aliphatic region of the NMR

(data in Supplement.ary Material), based on comparison to known compounds and

close analogs. The aromatic region was too complex to assign completely; hence the

exact nature of the ring-oxidized product 11 could not be determined.

Reactions of ethanol and other alcohols. The oxidation of alcohols were

studied under the above standard condit:ons, using either Na or K salts of the

chloroplatinate ions. Reactions were carr:ed out at 120'C in sealed NMR tubes or

small ampules. The c.rganic diacid 5 (approx 0.030 AI) was enploved i• ma cases
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to provide an internal NMR reference signal; the presence of variabln amounts of 5

or H2S0 4 did not influence reactions. Products were identified by 1, 13C NMR

and/or GC. In the case of ethanol, mono- and di- 13 C-labeled as well as unlabeled

ethanol were used to provide all needed shifts and coupling constants. All

parameters agreed with literature values (note that aldehydes exist primaril, as

hydrates under these conditions 9). Reactions were monitored in time 'by 1H and

13C NMR spectroscopy and/or by GC. Since the beta hvdrogens of aldehvdes and

ketones readily exchange with the solvent, the relative concentrations were

determined from integrated ! 3C-NMPR signals (scaled by comparison with other

compounds) and from GC. Carbon dioxide was determined on larger scale

reactions (0.45 mrnmol alcohol, standard conditions) carried out in small glass bombs;

the solutions were thoroughly degassed by three freeze-pump-thaw cycles before

reaction. After co-mpletion, the gas was transferred by Toepler pump into a gas

bulb of known voleve, or to a 10 cm gas cell -or IR identification (CO 2 yields are

given on a moles of carbon basis). Products quantified by these methods generally

accounted for at least 80% of the consumed alcohol; a few (most!y quite weak)

signals in the IH and 13C NMR remain to be assigned. ReactionR of other C:-

(chloro)oxygenates, such as chloroacetaldehyde were carried out under the same

conditions as for ethanol.

Reaction of Zeise's salt and Na 2 PtC16 . 15 mg KPt(C 2H-..)C] 3 'H 2 O (0.038 rnmol)

and 50 mg Na2PtC16.6H20 (0.088 mmol) were dissolved in 0.5 mL of D20, and

heated for 20 min at 1200C in a sealed NMR tube under vacuum

(p-HO3SC 6H 4COOH 5 added as internal reference). Ethylene glvcol (0.012 mrmol,

31%) and chloroethanol (0.020 mrmol, 52%) were formed, plus trace amounts or

acetaldehyde (<0.5%).
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Results

Oxidation of p-toluenesulfonic Acid (1). Pa.7 toluerccsu!.fonic acid (I" Is

oxidized cleanly at the methyl position, leading to alcohol 2 and aldehvde 3 (eq 4).

p-HO 3 SC 6I-4CH 3  p--H0 3 SC 6 l-14 CH 2 OH p-HIO 3SC 6 H4 CHO (4)

1 2 3

The NMR soectrum shows clearly that no more tha:" a trace of any other product ;s

formed (Figure 1); in ..... ticular, there is n ra n o thle ca"box c

5. There is also no evidence for oxidation at aromatic ring positions, although slow

competing H/D exchange is observed at both methyl and ring sites. Products 2 and

3 are formed secuentiallv, as can be seen by monitoring their formation over time

(Figure 2) and by the direct reaction of 2, prepared by literature methods,7 under

the standard conditions. Small amounts of the chloride 4 are also formed when the

initial total chloride/i ratio is higher than the standard va;ues. Solutions remain

visibly homogeneous for the majority of the reaction time (typically around 6 h for

standard conditions), but deposition of platinum metal is a!wavs eventually

observed. As shov,,n in Table I the degree to which 1 is con-vertcd to 2 _7d as a

number of factors are varied has been examined. N\ote in particular that oxidaton

is observed even if only one oxidation state of Pt is initially added, aithough, as

noted in the Experimental Section, sina!: amounts of the other will alwvays be

present as impurities. The dependence of rate on concentration of the two

oxidation states was examined in more detail. 'v%7hereas the kinetics of these

reactions are complex (vide i•'fra), they are roughly first order at lowv (<201C)

conversions of 1 under the conditions emploved (0.4 M, 1, 0-0.4 M, Na 2PtC16 and

0-0.2 M Na2PtCl 4 in D20). The first order rate constants for disappearance of I

estimated in this man:ner are shownvn in T able Il. . ,.,o,,: there is n.o s•i, "noe



dependence discernable, it does, appeair thatI thce rate incrca-scS wvith [I't(Illf, althI'ough

riot lineir1l'; whereas the rate decreases with [Pt(]\')]. The last entrYv in Table IV

suggests that 1 is about 1.5 tilies asý reactive as 2 under otherwise identical

con~ditions. This conclusion is also sup ported by exam-ining the relative amounts oil

the tw.\o products, which in Table 1 can lb-, seen to dc:pend primri-,ly on degree olf

conversion, as wvould be exetdfor a ste',)W'Se Se',uience. Fitting0 the raIoo

Dr)-oduIcts to a simn-Dle mnodle o" two Sulcce-s-s;ve Dsuo-rst onoer reactions give-s rale

constants whose rct.tio is also close to 1.5:1'

The appearance of plati:num- metal raises the issue of possible

heterogeneous])y catalyzed reactions. No oxidation at a]] is observed on exposing 1

to colloidal platinum under standard conditions; of course, no obvious oxidant is

present. Addition of colloid--al nDiatinum to a standard reaction -Does not affect the

rate. Addition of elenienta' mercury, a standard test for heterogenou's activity, 1 0

decreases but does not sup'0ress activity (Table 1). The decrease mrav be attribu--ted

to the fact that Hg(O) reduces both ?tIl ad t(V).

For- reactions in DO0, H/D exchnange comnnetes wvimtI0\-',L o&a-Lon, as s-nown

both by iso topically shifted nnultipliet-s in tile H1- spectrumi and1 gro-wth i th- le

corresponding- newv peaks in thle 21- speCtrund. Atl earl)' stLag.es the extent or

exchange is rellatively mt-inor-; liowev.er, at laterA stages it beconmes more si:-nificant.

Furthermore, whille atl ea'71V stages exchange takes place albout equally' at all

positions, later the degree of exchange at the methyl g-roup of 1 increases

substantially rela-tive to that at the aro-matic posizions,I beginning- just about, thne

same time th.at deposition. o: Pt mietal becornes significant, suggestingl tnat at leals' a

part of the exchange mnay oc catalyzed hete-,ogeneoi.sly. Wve have not explor.ed this;

issue in any, more deta.I . A~nunno rI'ng oxidatlon wadetec-ted for. 1, treatmntc"

oc sodium- k-toliute und--4er Zh"smec112os e mostlJ to'I aC rwg.-.n-VdroXVated



product, aolon with a smallcr amiount ot"hcrýmehlczae H /D cxchc1-:1c

wacs mu11ch More extensiv'e than w"Ith 1.

OXidation Of p7-ethy)lbcnzcnCSUfOlfoic acid (6). In order, to test thle vs~

role of benzviic activation in reactions of 1, ethvl analog- 6 wlas ox;idized' under: the)

same conditions. Wh~ile the exnected Lproducts S and 9 (eq 5) did-, aD-Oear Lo be,

present- bv NMIR, t~he ma-jor -,rodouct was asindas s~vrenle com-2,ex%

[(r2~-H;SC 6 .CH=CH))PtC31- (7), preýsumnably formied by (a cj ; At!Z

dehvdration of the alcohol(s). r~eplacing- 6 with its soddium- s~a'; 6' elilminated :h'

path~way, giving, te results shown in Table 111. The arom-atic region of the IH NMIR

spectrum is too complex to assign comiplete])'; hence the exact nature of thle

ring-oxidized product 11 could not 'be determined.

O03 SC 6 H4 CH-2 CH-3  O03 SC6,H 4C-HHCIH3 +~ -O--,SC 6H 4CH 2CH 2)OH

-O3 SC6 H4 CH2-CH2-Cl + --.SC 6H3 XCH-2CH3()

10' 11'

U nd er 1 stnad &TI'conld '*,tionS th e ratio 0Of Sl!.subtituti On at LLa. p ositCions i S 0 .-'6.

The fact that lvdroxviations at thle terminal m-ethyl and benzyii1c metliviene

positions of 6' occur at com.-arable rates indicates that the factors 'o\'erning,

reactivity are c-u;Ite diucfrent from those in radical reactions. In corr.,)ari son to 1,

here there is i) greater frormlation1 of chloride, but only in the n-position; ii)

considerably more ring oxidation; and iii) no detectable subsequent oxidation to

aldehvde. Ox;Iidaion occurs at the cr. and P nositions at cocroera tes, but h

apparent re..atiVe rE~act1\'iv Of the two positions depends St7r-lcl\' on the rel.'t'Ve

conc-entratons o. tie Pt S:occies: hihrconcentrattions o:' Pt(I\') f'avor ' -attacr'K, 2.



Catalytic oxidation. Reactions of p-toluenesulfonic acid were run with

Pt(ll) and either peroxydisulfate or phosphomolybdic acid as oxidant to dctermine

whether Pt(lV) is an obligator, stoichioinetric oxidant; results are shown in Table

IV. With the stronger oxidant S2Os 2 - up to 15 turnovers could aiiparently be

achieved; however, this is somewhat misleading, as some oxidation takes Dlace

even in the absence of Pt, and oxidation all the way to th1e carboxvlic acid is

observed here as well. Phos,..homoivbdic acid g.ave o:-.v 4-5 turnovers, but there

was no blank reaction and no carboxylic acid. Other co-oxidants tried (02, CuCl2 )

showed no increase in conversion compared to the Pt system alone.

Oxidation of ethanol. The reaction of ethanol with chloroplatinum

complexes was first studied as long ago as 1827 when Zeise's salt, (0r2 -C2H-)PtCl3-

(12), was first reported. More recently such reactions have been found to give

acetaldehyde, possibly via formation and hydrolysis of Zeise's salt.1' The fact that

the methyl group in 1 is more reactive than the hvdroxvmethvl group in 2, suggests

that the Pt(IV)/Pt(II) system, in contrast, might oxidize ethanol directly to ethviene

glycol. Such transformations are, of course, very desirable in organic synthesis,

provided the reactions have some selectivity.

Reaction of ethanol with the Pt(IV)/Pt(II) mixture does indeed yield etylene

glycol. 6 In fact, a s-oectrum of C2 (chloro)oxgenates is forrned. In the initial phase

of the oxidation, chloroacetaldeh'de (hydr-.ate), ethylene glycol, 2-chloroethanoi and

Zeise's salt are the dominant species; in later stages glyoxal (hydrate) and acetic,

glycolic, glyoxalic and chioroacetic acids were detected. 12 Products were identified

.rom the '3C NN4R saectra o: species obtained from doublv-'1 3 -labeled ethanol,

and by comparison to authentic san:.ies. Ca.Don CIoxic, e is also -roduced. Under

standard conditions (0.1S AV K,,tCl-, 0.0-6 A, K•PtCi C. ,I ethanol, 0.25 -L
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D2 0) about 50% of the ethanol is eventually converted into products, with a tyvpical

final distribution shown in eq 6.

CH3C1 20Ot- HOCH2CH-,OH + CCH-CH-2 OH + C1CH2qCH(OlH)2
3% 1%7o

+ CH(OH)2CHýOH)2 +(r 2 -C2H4)PtCl3- + CH3CO2H + HOCH2CO©H

21% 4C- 6% ,7

+ CH(OH)2CO2H - ClCH 2 CO 2 H + C02 (6)

trace trace >8%

The reaction starts off slowly; virtually no product is formed in the first 30

minutes (see Figure 4), followed by a rapid increase in rate. This initial period of

slow reaction is indevendent of [Pt(II)j (between 0.026 and 0.06M) and the

concentration of p-HO 3SC 6H 4COOH (normally added as an inert internal reference)

or small amounts of H2 SO 4 . Preheating the Pt(IV)/Pt(II) solution before adding

ethanol also has no effect. Higher initial concentrations of Pt(II) result in a decrease

in reaction rate and in formation of a larger amount of chloroethanol relative to

glycol. Both effects are presumably caused by the higher [C1], which parallels the

observations made for the oxidation of p-toluenesulfonic acid. In contrast, rapid

initial appearance of product w,,as observed when Zeise's salt was substituted for

PtC14
2" (vide infra). Lowering the initial concentration of ethanol leads to a sharp

decrease in rate; at 0.15 M (standard conditions otherwise), the reaction takes over

6h for completion.

Formation of ethylene glycol and 2-chloroethanol. Some additional

aspects concerning the reaction pathway, for ethanol oxidation to ethvlene gv-oyz..ol or

2-chloroethanol were investigated ,sin various labeled ethanols. The carbo:n, 'abel

in 1-13C-ethanol and the deuterium labels in either 1,1-dideutera- or



2,2,2-trideutcroethanol do not exchange between (x and [3 positions in ethanol. No

kinetic isotope effect on the oxidation of the deuterium-labeled ethanols

1,1-dideutero- or 2,2,2-trideuteroethanol was observed; to within experimental

uncertainty (±5%), rates for both labeled compounds as wvell as non-labeled ethanol

were equal.13

The 2-chloroethanol produced from 1-13C-ethanol has the carbon label

eaualv distributed over both positions, indicating that a symmetric intermediate

has been formed along the reaction pathway. An obvious candidate, ethvlene

glycol, is not a precursor for 2-chloroethanol. Reaction of equal amounts of glycol

and 1,2- 13C2-ethanol with Pt(l\')/Pt(ll) system gives only labeled (no unlabeled)

2-chloroethanol. Conversely, the amount of ethylene glycol formed can not be

explained by simple hydrolysis of chloroethanol. In a control experiment, only

about 10% of 2-chioroethanol is converted into glycol under standard conditions

with Pt(II)/Pt(I\V). 14

A more likely candidate is Zeise's salt, Pt(C2-H4I)C13 -, which is also present in

the reaction mixture. The possible intermediacy of Zeise's salt was tested as

follows: it is known that oxidation of Pt(C2H 4)C13- by C12 results in the formation of

ethylene glycol and chloroethanol (but not 1,2-dichloroethane).1 5 Indeed, we

observed that the reaction between Zeise's salt and PtC16
2 - yields these same

products.16 Reaction w..as comp.lete wvithin 20 min at 120'C, and no other products

were formed.17 In addition, Zeise's salt may be substituted for PtC12- as catalyst

for the oxidation of ethanol by PtC162-. VW'hen a mixture of 1,2- 13 &-ethanol and

non-labeled Pt(C2H 4)CI3" is oxidized, in the early stages, unlabeled glycol and

chloroethanol are formed, and the concentration of Pt(C2H 4 )C!3- decreases close to

zero. After 25 min, the concentration of labeled (Pt("'3 C-,H 4)Ci--) star's t0o'bild' -
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Formation of more oxidized products. Chioroacetaldehyde (hydrate)

formed from 1- or 2-13C-ethanol is found to have label almost entirely in the

carbonvl or chloromethvl position respectively. This excludes chloroethanol as an

important precursor to chloroacetaldehyde. Independent]) it was shown that

oxidation of chloroethanol is too slow to account for the amount of

chloroacetaldehvde present. Chloroacetaldehyde may arise from rid oxidation of

acetaldehvde; the rate of conversion of acetaldehyde to chioroacetaldehyde plus

some glyoxal under standard conditions was shown separately to be fast enough to

account for the amounts of chloroacetaldehyde obtained from ethanol.

Alternatively, chloroacetaidehyde could originate from a vinylalcohol platinum

adduct, Pt(CH2 =CHOH) (see Discussion).

Glyoxal presumably results from oxidation and subsequent hydrolysis of

chloroacetaldehyde: the concentration of the latter compound builds up to a

maximum value and then decreases, concomitant with the appearance of glyoxal.

Oxidation of chloroacetaldehyde with the Pt(Il)/Pt(IV) system under standard
conditions does indeed give glvoxal as major product, together with some acetic,

glycolic and glyoxalic acids at a rate consistent with the proposal that

chloroacetaldehvde mediates formation of glyoxal. Glyoxal is also formed by

oxidation of ethylene glycol under standard reaction conditions.

Substantial amounts of acids, particularly acetic acid, are observed only

when Pt metal is present. Glvcolic acid is a secondary product, mainly originating

from glycol. This was concluded from the distribution of carbon labels when

starting from 1-13C-ethanol: the IH-NMR spectrum for the products shows two

doublets for HOCH2CO2H, with J(CH) 145 Hz and 4.3 Hz, assigned to

HO 13CH 2C2H and HOCH213CO 2 H respectively. The intensity ratio is close to 1:1

(53:47), implying a symmetric intermediate (glycol), and excluding • oxidation ot



acetic acid or.hvdrolv'sis of chloroacetic acid as a major route. In a separate

experiment it was observed that oxidation of acetic acid is slow\ under standard

conditions; no detectable amounts of products were formed after 1.5 h. Ilydrolysis

of chloroacetic acid is also slow. The [3 hydrogen atoms in both acetic -nd glycolic

acid show extensive I-I/D scrambling with the solvent.

The carbon dioxide obtained fromn the same mono- 13C-labeled et'hanol

consists of 40% 12 CO2 and 60% 13 C0 2 (from intensities of thle IR peaks). The most

probable immediate precursor of CO 2 is oxalic acid. Independently, it was shown

that oxalic acid is completely converted to CO 2 under reaction conditions. Onl th',e

other hand, if oxalic acid is the sole precursor to CO2 equal amounts of the two

isotopomers are expected. An additional path (such as oxidative decarboxylation of

acetic acid) that converts only the labeled carbon to CO 2 must be responsible for

about 25% of the total. The other C1 product implied by this result was not

completely accounted for, but 13C NMR shows the presence of some formic acid.

Selectivity. The selectivity for attack at the [3 and cr. position is estimated

by the ratio of products (Zeise's salt + chloroethanol + ethylene glycol:

chloroacetaldehyde), measured at early stages of the reaction before substantial

conversion to secondary products has taken place. This ratio was found to be

approximately 1-5:1. The selectivity again is strongly dependent on the Pt species

present. Oxidation at the a carbon is favored when elemental platinum is present.

Either adding metallic platinum at the start of the reaction (standard contitions in

Pt(IV)/Pt(II), ethanol) or using only Pt(II) (where deposition of Pt accompanies

reaction from the beginning) results only in the production of acetaldehvde and

acetic acid; no methyl oxidation products are observed.



Reactions of other alcohols. The water-soluble alcohiols methanol,

I -propanol, 2-propanol and tcr:1-butanol wvere examined under standard conditions.

Methanol appears to be the least reactive, w~ith Carbon dioxide as the only

significant product dcitectej. The oxidation of 1 -propanol gives initially a numiber

of products (Figure 5) wvhic-h can be classified (see Discussion) asarsig-ro;

(1,3-n.-op.anedi1o., 1 -c1hloropr)opan-3-ol), f (: op-ene-TPtC13-, aceton e) 07 a.(-rcaa

(hyNdrate)) attLack. From:1 the respjective vield of !-hesze pousthe ratio f'or inital

attack at thie a:B:y position %-,as.: estimiated as 2: 3: 3. Tow-,ards the end of thie re.-c-ion

somie new zDroducts are to.rmed, probably higher ox\--enates which are the result of

fUrther1 oxidations; none of themn was identified -oositivelv. Carbon dioxide is also

produced (eq 7).

CH 3CH-,CH2-i-OH - CICH2-I-CH-2C.2O'H ±HOCH-2 CH-2CH2)OH

8%C7 4%c-

CH-3 COCH3 - (CH 3CH=CH-))PtCI 3 - (13) + CO-) (7)

>67c <I156a%5L

The reaction is comnple-te witLhin 1.5h (conversion 35-40%,-), somiewhat faster thlan the

oxidation of ethanol. III con1trat, the oxidation oiC 2-np7roanol giveS only acetone

and carbon oioxide (eq, S); thle pý-ro,.ene-Pt adduct 13 is o'bserve'C 'in ̀ nermieo:ate

stages (Figure 6).

C1H3 CH(O'H)CH 3  CH-3 COCIH 3 ÷-C0 2  (S)

6 0% c,,1% C

This reaction is somewhivIat slow.er than ethanol oxidation (compl)'ete 'In 3.5 h1,

conversion 70-7/5%). Th-e fast-est oxid-ati*on w.as obIserved wih ,"'bao asz

su-nstrate: reaction w-ýas cornilet-e wihn 0D~n The 'Maior oxidation .:rod:uc: is

carbon d~oxide, accun;n ro Srxmt~ 5%7 of thie electrons a-rbe he

re-maining alcohol is dehydr-' ated. to 2-mel-hvloronene(atil'deere).Din



the reaction extensive H/ 1 D exchange1, betw\%eenj .nj, te !r-uti Ian D2

takes place.

Discussion

Mechanism of alk-ane oxidation. Shilov'S orgnlProposalj fr'r te

mechanism of alkane ox<id,-ation is ihw n Schenne P. The first, key steD, is

oxidative addition oll a C-H- bond to a PTI-(ll) center, followved by loss of proton to

give an alkl\y-Pt(1I) co-.-I.-ex Accordine to this p)ropo,,sed miech-anismi, in the absence

of Pt(IV), only H/D excna-nge (by rever-sal of this sequence) is observed, but withL

Pt(IV) also present the zalkyl-Pt(ll) complex is tran-sformed, into a alkyl-Pt(IV) species

(by either alkyvi or electrorn tr.ansfer). The resulting alkyi-Pt(IV) complex underg-oes

nucleophilic attack by ater (or.h-rie to for7m the alcohol (or alky'l chloride) and

pt(II).3,1S The net stoichio-netrv is thiat of eci 9.

RH + L4PtLI' 7C½-- -; H,0 -h- ROW - L,,Pt(Il) - 2 HCl (9)

(L = CP-, H2 0)O

Our results %vi'th -1~ tluns~o acid: are conssistent w--tit a mdfe

"version of this r!;-chiai~stic D-ro-osail. Thle fact that oxidati*oniobeeden e

absence of added Pt(IV) can b-e rationalhzed by tnle ifac' that thle reduction potenitials

of PtC14
2 - and PtC16

2 - are very sini,*.r, and hence alkyl-Pt(II) coni:ounds couic bie

oxidized to alkvl-Pt(l\7 ) by Pt(ll) as well as by Pt(IV). In that case, irnmediate

deposition of Pt metal wvouid ccm.nvtIne rea.-;oio - as observed. This m-odi4fied

mechanistic pathway would- strongly v thiat thie reaction ofakv-tI)wh

Pt(IV7) involves electron transtýer, not alk-vi rn' r

Another n~oSzS;ibii:.v is th i h n~e schemie for7 oxidaIltion 0:

para-toluenesullfonic acd-C-O bon". Iom '~o s W\ell as C-H actI*vatLOn - ;
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mediated by Pt(ll), wvith the sole role of Pt(lV) being to intercept Pt(O) before it

aggregates to deposit metal, as shown in eq 10 and 11 - a reaction sequence

reminiscent of Wackcr oxidation of ethylene, as well as the analogous

functionalization of hydrocarbons by Pd(ll). 3

RH + L2PtlIC1, + H20 - ROH + Pt 0 + 2 HCl + 2 L (10)

Pt0 + PtOV - 2 Ptil (11)

It does not appear that this pathway operates in the case of a general C-H bond, as

no methyl oxidation products fromn ethanol are generated by Pt(II) alone, but it

might be more favorable for benz'lic positions, as in para-toluenesulfonic acid. This

possibility is suggested by the dependence of regioselectivity on Pt oxidation state

in reactions of para-ethylbenzenesulfonic acid (Table 1i1). Much more of the

P-oxidized products are found when Pt(IV\) is added, in agreement with the

postulate that complete functionalization can be accomplished by Pt(II) alone at the

benzylic position, but not at the terminal, non-benzylic methyl group.

A rigorous cistinction between these two possibilities - Scheme I vs. eq 10-

11 - is not possible at present, and indeed both may be operating in any given

case. It may be noted that there is precedent for formation of C-0 and C-Cl bonds

by attack of water or C1" on isolated alkyl-Pt(IV) complexes such as

[CpCo(PO(OR)2)3 ]Pt(CH 3 )3)9 and [(CH 3)PtCI5]2 - 20, but no such reaction of an

alkyl-Pt(II) complex is known.

Nature of C-H activation. Shilov's proposal involves oxidative addition

followed by deprotonation (eq 1.2a); 3 hovvever, oxidation of Pt(fl) to Pt(t\)(R)H)

does not appear very\ attractive (and even less so for the analogous Pd chemistrv-)'

Furthermore, it is di1iicu!t to see hactivation oi C-H should be co "petitive wc'ý



itl

that of C-Cl, as implied by some of the secondary ethanol reactions (see below), if

oxidative addition is operating. A more reasonable alternative is shown in eq 12b.

There is increasing evidence for an intermediate involving the C-H bonding pair as

donor to a vacant metal orbital, the "sigma complex" 14. This evidence primarily

arises from studies on oxidative addition reactions, eq 1,21 but there are good

reasons for believing that it also applies to the sigma-bond mnetathesis case of ec 2,22

and it appears entirely reasonable to nro:ose a similar intermediate for the present

system.

R

Pt"K\H ---- Pt1 1- R - Hý (02a)

Pt" + R-H -- Pt .- 1,--

H P01-R + H+ (I2b)
14

Electrophilic displacement by eq 12b would be analogous to the related

chemistry of dihydrogen complexes, which have been shown to be quite acidic; in

fact, deprotonation of a ruthenium complex that exists as an equilibrium mixture of

dihydrogen and dihvdride forms has been shown to occur exclusively va the

former.2 3 Still another precedent is the deprotonation of an agostic cobalt complex

- an intramolecular analog of 14 - to give a cobalt alkyl. 24 Unfortunately, unlike

the cases of dihydrogen and agostic complexes, no example of a stable

intermolecular sigma alkane complex has yet been found, so distinction between

these mechanisms is not yet possible. Still, this picture is attractive in that it leads to

a rather unified picture of C-H activation by metal centers, where the initial

interaction is the formation of the sigma complex, while the subsequent Oath

depends on the nature of the conmplex: oxidative addition for a low-valent, electron

rich center; sigma-bond metatnesis for a do complex with a suitable leaving Cgrou

X; loss of H-- for an electrophilic Pt(II) or Pd(II) complex.
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Mechanism of alcohol oxidation. Our proposed mechanism that accounts

for the initial products in the oxidation of ethanol is shown in Scheme II. C-H

activation as discussed above can take place at either the c or D position, leading to

the alkyl-Pt(11) species 15 and 16 respectively. Although direct oxidation and

functionalization of 16 analogous to the reaction of 1 would appear possible,

labeling studies show clearly that a symmetric intermediate, presumably 12,

intervenes. Apparently, dehydration of Pt(1I)-CH2CH2OH is a very facile process

under reaction conditions. Formation of the 3 oxidation products, glycol and

chloroethanol, arise from oxidation of 12 (or 16, if it is in equilibrium with 12) by

Pt(IV), giving hydroxvethyl-Pt(IV) (17) which is cleaved by water or Cl-. This

parallels the formation of the same products from 12 plus C 2I.15

An analogous pathway from 15, the product of initial o: C-H bond activation,

would produce acetaldehyde, only traces of which are usually observed.

Subsequent conversion to chloroacetaldehyde was shown to be rapid under

reaction conditions, however. Alternatively, chloroacetaldehvde could be obtained

from 15 without the intermediacy of free acetaldehyde, via vinyl alcohol complex IS

in a sequence reminiscent of Wacker chemistry.2 5 The Wacker intermediate IS

should in principlc be accessible from 16 as well, but this route must be slow

relative to the other paths available to 16, as it would lead to acetaldehyde (and

subsequent products) with label in both positions starting trom !-13C-ethanol,

which was not observed.

Yet another possible route to products derived from attack at the o. position

;s oxidation catalyzed by' metallic platinum.1 6 (which forms more rapidly in the

absence of Pt(IV)).Under standard conditions, however, this does not seem atz

important reaction roure, since litle acetic 'a"c - formed; it iS found when Pt metal

is present (see below).
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Details concerning the. formation of more oxidized products are less clear,

and probably a combination of homogeneous and heterogeneous processes are

involved. The most reasonable path for conversion of chloroacetaldehyde to

glyoxal, the major product, is showfn in eq 13.

tII
C1CH2CH(OH), -PtH-- pl-cPCPCHtOH)

Pt

1-1-1.0

HOCHCICH(OH). - - (HO)ICHCH(OH), (13)
-HCl

Two of the minor products, glyoxalic acid and chioroacetic acid, presumably arise

from direct a oxidation of glyoxal and chloroacetaldehyde respectively, very

possibly involving heterogeneous catalysis. 26

Three positions for attack are available in the oxidation of 1-propanol.

Although no labeling studies were carried out to establish the actual reaction

pathways, a similar scheme (Scheme III) may be constructed that accounts for the

products observed and is consistent with the chemistry of 1 as well as the other

alcohols. Propionaldehyde is formed by initial attack at the a position; it

accumulates to a much hi;her degree than does acetaldehdve from ethanol. Initial

attack at the y position gives Pt(II)-CH-2 CH'2 CH-2 OH; unlike 16, there is no leaving

group in the 3 position, so it is functlionalized directly to either 1,3-propaneiol or

1-chloropropan-3-ol, analogous to 1. Attack at the 3 carbon gives a product that

does have a P hydroxy group and dehydrates like 16, giving propene-Pt(Hl) adduct

13. However, the product that would be expected by analogy to 16,

propane-1,2-diol, is not observed; instead acetone is the major product. Acetone

was also the only produCt from the oxidation of a (Drone"r)Pt(iI) adduct by C" in

water.15,2 7 Apparently ý-hvdrogen elimination fro~m the oresumed intermediate



Pt(\V)-CH-,-CHlOl-!).e_ (again, a \\acker-like stetp) is fastcr than attack lb\ water. or

CI- to give 3,2-propancdiol and 1-chloropropan-2-ol, whereas the reverse is true for

Pt(l\•)-CH-2C-2OH. This reversal mnight be explicable in terms of relative st(ric

hindrance as well as stabilization of a vinyl alcohol complex by" methyl subst'tuti l.

The fornmation of acetone from 2-propanol could involve direct attack at the

methine C-H bond, 'but it robably proceeds pr.Im ily. via attack at o:,e of the

methyl groups and dehldration to PtCla'Ci- =CH,.H3)l , which is observed as an

intermediate (Fig. 6). There should be a strong statistical an/s:eric tpreference for

attack at the termina, methyl group.

Selectivity of C-H attack. As noted in the Introduction, selectivity is a

crucial factor in determInng the practical potential of an alkane aCtivati'on' Sster:

the common situation, where C-H bonds of pro-ducts are much m-e reacive than

those of the starting alkane, is highly undesirable. For oxidation of paira-toluene-

sulfonic acid (1), this is clearly not the case: although strictly quantitative

comparison is ruled out by the complications discussed below, both in.itial rates of

conversion aind relative amounts of sequential products vs. time indicate that

h),droxvlation of the methyl group in 1 is around 1.5 times as fast as oxidation of

the hydroxymethyl groun of 2. Under the same conditions, oxidation of the

corresponding aldehde 3 is not observed at all. Still unexplained is the competition

between attack at aliphatic and aromatic ring positions; the latter is significant with

para-ethylben.zenesulfonic acid and with p-toluic acid but not with 1. No reasons

for these differences are obvious.

The selectivit, for attack at the methyl or hvdroxvmethyl group: in ethanol

conmares nicely with the results obtained from 1, the ratio 'being arox.ma.e."

1.5(0). The selecivity for attack at a methyl or metnlviene group :s. attack, a the
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hydroxymethyl in 1 -propanol is again close to 1.5, and also there is little prefcrence

for attack at methyl:methylene C-H bonds (ratio 1:1). For 2-propanol the ratio of

attack at (x or 3 position cannot be determined, since both routes give the same

products. (The oxidation of tcrI-butanol is an exception: total oxidation to carbon

dioxide is found. The underlying mechanism is not understood.) Apparently, the

Pt(IV)/Pt(II) system is not highly sensitive to electronic or steric effects: all

selectivities are within expeerimental uncertainty of statistical values.

It should be noted, though, that these selectivities apply only at early stages

of the reaction, when no (visible) Pt metal has formed. In contrast, Pt metal appears

to be an excellent catalyst for oxidation by Pt(IV) at "activated" positions ct to

oxygen; this is consistently seen here as well as by other workers.16, 28 It is difficult

to exclude the possibility that small amnounts of colloidal Pt are responsible for some

of the chemistry even at fairly early, stages, so these selectivities should be taken as

lower limits; the relative reactivity of methyl vs. hydroxymethyl towards soluble Pt

complexes might actually, be significantly higher. This is an important prerequisite

for the development of catalytic systems for hydrocarbon functionalization based

on this chemistry; it suggests, for example, that methane could be converted to

methanol at a rate at least as high as the subsequent overoxidation of methanol.

The active Pt complex. The above mnechanisms would suggest that the rate

of oxidation should depend upon Pt(II); qualitatively that is, in fact, observed, but

no straightforward quantitative dependence could "c elucidated. With 1, in some

cases, the rate was found to vary inversely with Pt(IV). Furthermore, the

mechanism implies that oxidation of 1 should continue until all added platinum,

Pt(II) as well as Pt(IV), has been reduced to Pt metal. This is not wthat is observed:

reaction generally comes to a halt before all Pt(IV) is consumed, and usuall before

visible formation of Pt metal has occurred. These observations can be understood



by recognizing that i) the reaction produces 2 moles of C1- per mole of RIH- o-idized,

and ii) the form in which the Pt(ll) is added, IPtCI4]2 -, is not the active species. This

conclusion was also reached by the R](cssian workers, who iin fact propose thiat

PtCI2(H-20) 2 is the most active.. 2 9 In the initial reaction mixture, tlhe cquilibrium of

eq 14 is established, as readily demonstrated bv 195Pt NMR.-30

PtCi 2 --- PtC13 (H2 0)" -+- Ci- PtC 12H(-20)2 + 2 CI- ctc. (14)

As the reaction proceeds, liberation of C1- shifts the equilibrium position

increasingly to the left; alternatively, increasing the initial amZ- ,.:nt of [PtCl 6l 2-

(v,while keeping [Pt(II)] the same) has the same effect. When [PtC1] 2- has become the

predominant Pt(I1) species in solution (byv 195 pt NMR), reaction effectively ceases.

Note that oxidation may be inhibited compl.etely from the outset by addition of

excess C1- (Table 1Il). The sim'olest conclusion is that a more aquated, less abundant

but highly reactive species is responsible for the catalysis.

The possibility that C-H activation is actually catalyzed heterogenously, by

small amounts of colloida! Pt mnetal formed from reaction mixtures, neods to be

considered - especiaily since visible metal de-position is always eventtuaaliv

observed. Poisoning by metallic mercury is usuaý:y considered the mc's.t reliable

test of heterogeneous activity: reactions taking place at surface sites shiould be

comnletelv inhibited in this test.10 We find that addition of Hg slows the reaction

somewhat, which is not surprising as Hg readily reduces both Pt(Il) and Pt(l\'), so

that the concentration of active complex is thus lowered. Since reaction still

proceeds, this test implies a homogeneou,.sly catalyzed reaction. As discussed

earlier, here is a mechanisrn for oxidation cataiv:ed by Pt metal, but it on.erates

primarily on C-H bonds a to oxvgen.



Conclusions and prospects for catalytic hydrocarbon oxidation. Our

proposed overall general mechanismn for hvdroxvlation by Pt(ll)/Pt(IV) is showrn in

Scheme IV. It would appear that reaction could be rmade catalytic in Pt, if a suitable

oxidant can be found that will recycle Pt(l]) to Pt(1V\) (or Pt(0) to Pt(lI), since Pt(ll) is

apparently capable of taking alk),l-Pt(ll) to alkyl-Pt(IV) in some cases). Of course,

there are rather severe constraints on such a system: the oxidant must not be so

efficient as to rapidly convert all Pt to the +4 oxidation state, as Pt(Il) is essential.

We have demonstrated some success in this area: as shown in Table IV, more

than one turnover per Pt(lI) can be observed w,,hen Pt(1V) is replaced by S2Os2" or

phosphomolybdic acid. The former is somewhat misleading, as there is significant

oxidation of para-toluenesulfonic acid even without Pt, as well as some complete

oxidation to the carboxylic acid; however, even if only initial product, alcohol

p-HO3SC6H 4CH'2 OH, is considered, it is clear that more is produced in the

Pt(II)/S2G02- system than with either component alone, and considerably more than

stoichiometric oxidation by Pt alone would account for. Nonetheless, a catalytic

reaction could not be sustained; only about 70% of the oxidizing equivalents

provided could be utilized. Since no free Cl- is being generated here, termination of

oxidation must be due to a different reason than in the Pt(ll)/Pt(IV) system; this is

under investigation.

Phosphomolybdic acid is a milder oxidant, and does not oxidize para-toluene

sulfonic acid in the absence of Pt, but it is also capable of turning over the

Pt(II)/para-toluenesulfonic acid system, although not so effectively as S20s 2-. Since

reduced (blue) phosphomolybdic acid is known to be reoxidizable by 02, the

reactions were also run in the presence of 1 atm 0-, but no increases in product

formation were detected. Separately, we found that the blue color generated in
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these reactions could not be discharged by 02 undcr our st-,.ndard reaction

conditions, sulestin, that the reoxidation is somehow beinmg inhibited.

Although no practical oxidation scheme has vet been demonstrated, the

unusual and often very high selectiv'ities for oxication at what are more commonlN'

the least reactive positioi's, coupled with tihe (admittedly severely limited) ability to

make reactions catalvtic in Pt, s:ggest t',at tiis approach to hydrocarbon
functionalization has significant potential.
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Figure Captions.

Figure 1. IH NMR spectrum of oxidation of para-toluenesulfonic acid after 2h

at 120oC, D 20, standard concentrations (see text).

Figure 2. Oxidation of para-toluenesulfonic acd (0.40 M) at 120 0 C [Pt(IV)]o =

0.18 M, [Pt(II)]o = 0.026 M. (<>) HS0 3C61-L4CH 3 (1); (0) HSO 3C6H 4 CH 2OH (2);

(,) HSO3C 6H4 CHO (3).

Figure 3. Oxidation of 1,2-1 3 C-ethanol at 1200C after 30 minutes. Satellite

signals upfield indicate H/D exchange with D20. [Pt(IV)]o = 0.22 M, [Pt(I)]o =

0.028 M, [ethanol]o = 0.42 M.

Figure 4. Oxidation of ethanol in D 20 at 120 oc. [Pt(IV)]0 = 0.18 M, [Pt(II)1o =

0.026 M, [51 = 0.030 M, [ethanol]o = 0.30 M. (0) CH 2 OHCH20H; (0)

CH 2OHCH 2C1; (+) Pt(ethene); (<>) CH 2ClCH(OH)2; (1) CI-H(OH) 2CH(OH) 2.

Figure 5. Oxidation of 1-propanol in D2 0 at 120 oC. [Pt(V)]o = 0.18 NI, [Pt()] 0o

0.026 M, [51 = 0.030 M. [1-propanollo = 0.30 M. (<>) CH-3CH 2 CH20P; (0)

CH 3CH2CH(OH) 2 ; (*) Pt(propene); (A) CH 2 CICH 2 CH20H; (0)

CH 2 OHC-2CH2OH; (0) CH 3COCH3.

Figure 6. Oxidation of 2-propanol in D20 at 120 0C. (Pt(IV)]o = 0.18 M, [Pt(II)]0 =

0.026 M, [5] = 0.030 M, [2-propanollo = 0.30 M. (A) CH 3 CH 2 OHCH3; (0)

CH 3COCH 3; (W) Pt(propene).
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Table I. Oxidation of 1 under Different Conditions.

[1]/M [Pt(IV)I/M [Pt(fl)]/M Other t/h T/OC %converted 2/3

0.406 0.22 0.026 1 122 11 8:1

0.406 0.22 0.026 6 100 14 12:1

0.406 0.22 0.026 83 80.4 15 7:1
0.406 0.22 3.3 122 14 10:1

0.406 0.183 1.5 122 14 5:1
0.155 0.11 0.013 39 115 46 2:1
0.153 0.11 0.013 light excluded 39 115 49 1:1

0.155 0.11 0.013 5M HC! 85 115 0

0.155 0.11 0.013 0.009M bipy 39 115 13 5:1

0.155 0.11 0.013 Hg 23 115 16 11:1

0.394 0.22 0.026 14.5 122 60 1:1

0.394 Pt metal 20 122 0

Table II. Dependence of Oxidation Rate on Pt Concentrationa

[Pt(IV)], M Pt()], M kinit, s-1

.178 .020 3.7x10-5
.178 .080 6.5x10-5
.356 .020 1.5x10-5
.178 - 3.7x10-6 b

- .183 1.4x10-5 c
.178 .020 2.4x10-5 d

a Conditions: [1) = .40 M; T = 1220C. b k increases after an induction period of
about 1.5 h. c Deposition of Pt metal begins immediately. d 2 used as
substrate.



Table III. Oxidation of Sodium p-Et~hylbenzenesulfonatea

[Pt([V)], M [Pt(ll)], N1 time, h 8, N4 9, M 10, M 11, M a:pb

G_. 0.026 4 0.013 0.021 0.019 0.014 0.4r6

0.22 0.000 6 0.009 0.028 0.012 0.033 0.33

0.00 0.22 6 0.010 0.0 C1,5 0.000 0.011 2.0
a [6] = .22 IM; T 12.2C. b [S]/([9] + [103)

Table IV. Reactions Catalytic in pta

ArCH3 PtIl K2 S20 8 ArCH2OH ArCHO Ar-COOH 2e-/Pt 2e'/S208

i.0 0.1 0 .08 - - 0.8 -

1.0 0.1 1.0 .42 .05 .03 6.8 .71

1.0 0.1 2.0 .50 .12 .24 14.7 .72

1.0 0 1.0 .12 .03 .06 A2

ArCH3 Pt11  PMo12 AiC-H-2OH ArCHO ArCOOH 2e-/Pt 2e-/PMo

1.0 0.1 0.1 .14 .05 - 2.5 :.7

1.0 0.1 1.0 .2 .12 - 4.5 0.5

1.0 0 0.1 - - -

a Sta.nda.rd conditions (see text); Ar = p-HO3 SC 6I-L4 -; enties in first 6

columns are equivalents relative to ArCH 3; entr-ies in last 2 are total oxidizing
equivalents represented by the threeŽ products, relative to Pt or to oxidant
respectively.


